Abstract Age-related skeletal muscle decline is characterized by the modification of sarcolemma ion channels important to sustain fiber excitability and to prevent metabolic dysfunction. Also, calcium homeostasis and contractile function are impaired. In the aim to understand whether these modifications are related to oxidative damage and can be reverted by antioxidant treatment, we examined the effects of in vivo treatment with an waste water polyphenolic mixture (LACHI MIX HT) supplied by LACHIFARMA S.r.l. Italy containing hydroxytirosol (HT), gallic acid, and homovanillic acid on the skeletal muscles of 27-month-old rats. After 6-week treatment, we found an improvement of chloride ClC-1 channel conductance, pivotal for membrane electrical stability, and of ATP-dependent potassium channel activity, important in coupling excitability with fiber metabolism. Both of them were analyzed using electrophysiological techniques. The treatment also restored the resting cytosolic calcium concentration, the sarcoplasmic reticulum calcium release, and the mechanical threshold for contraction, an index of excitation-contraction coupling mechanism. Muscle weight and blood creatine kinase levels were preserved in LACHI MIX HT-treated aged rats. The antioxidant activity of LACHI MIX HT was confirmed by the reduction of malondialdehyde levels in the brain of the LACHI MIX HT-treated aged rats. In comparison, the administration of purified HT was less effective on all the parameters studied. Although muscle function was not completely recovered, the present study provides evidence of the beneficial effects of LACHI MIX HT, a natural compound, to ameliorate skeletal muscle functional decline due to aging-associated oxidative stress.
Introduction
Senescence is a complex biological process occurring in live organisms. Variable is the onset and progression of this event, and many causes, either genetic or environmental, may contribute. A leading theory of aging is based on the concept that damage, either due to the toxic products of metabolism or inefficient repair/defensive systems, accumulates throughout the entire life span and gradually leads to cell and organ dysfunction. There is substantial support for a role of reactive oxygen species (ROS) in the aging process.
The free radical theory of aging proposed that ROS are responsible for macromolecular damage and for agerelated tissue degeneration (Harman 2003; Kregel and Zhang 2007) . Skeletal muscle can be strongly affected by aging, with a condition known as sarcopenia, an age-related loss of skeletal muscle mass and function. This is the major healthcare concern for older adults associated with the development of functional disability and may lead to the loss of independence for afflicted individuals (Janssen et al. 2004; Visser et al. 2005) . Loss of muscle proteins, resulting from an imbalance between protein synthesis and breakdown, appears to be one of the main contributing factors to sarcopenia (Combaret et al. 2009 ). Atrophy, together with loss of fast-twitch fibers, contributes to muscle weakness and functional impairment (Larsson et al. 1978; Lenk et al. 2010) . Recent findings suggest that ROS are generated in skeletal muscle cells during contractile activity and that this induces the activation of transcription factors that modulate the gene expression of antioxidant and protective proteins (Palomero and Jackson 2010) . Several studies indicate that adaptive responses of skeletal muscle activated and regulated by ROS are disrupted during aging and that this might contribute to the loss of muscle mass and function and the progressive deterioration of this organ (Visser et al. 2005; Moylan and Reid 2007) .
Our previous findings have demonstrated an important modification of skeletal muscle protein function during aging (Desaphy et al. 1998; Pierno et al. 2003) and that these modifications can be associated with increased ROS levels. During aging, we found a downregulation of the expression of ClC-1, the skeletal muscle chloride channel which is correlated with an abnormal decrease of the resting chloride conductance (g Cl ; Pierno et al. 1999 Pierno et al. , 2009 ). This channel is a key determinant of muscle excitability; indeed, a marked reduction of g Cl is characteristic of disabling diseases such as myotonia congenita (Adrian and Bryant 1974; Burge and Hanna 2012; Duran et al. 2010) . Thus, this reduction can justify the appearance of skeletal muscle symptoms complained by aged subjects, such as myalgia and muscle weakness. The activity of ClC-1 is normally regulated by protein kinase C (PKC), the activation of which closes the channel (De Luca et al. 1994 ). This regulation is altered during aging and contributes to g Cl reduction . A modification of ClC-1 channel expression and function has also been found during muscle disuse due to hindlimb unloading, a condition in which the degree of atrophy was paralleled to the level of oxidative stress (Pellegrino et al. 2011) . In this situation, the antioxidant trolox, by neutralizing the oxidative stress in all muscles, prevented the muscle fiber phenotype transition as well as g Cl alteration (Desaphy et al. 2010) . Oxidation of heterologously expressed ClC-1 protein renders the channel insensitive to intracellular ATP, which may be relevant for the control of muscle fatigability . Also, the activity of various types of skeletal muscle potassium channels has been found to be changed by aging. A reduced activity of the ATP-dependent potassium (KATP) channel was observed in aged muscle. This reduction can be detrimental for skeletal muscle function because of their critical role in sensing metabolic changes and in myoprotection. We showed that agerelated KATP channel dysfunction can be reversed by the application of antioxidants, such as N-acyl-cysteine and thimerosal, again suggesting the involvement of oxidative stress in skeletal muscle alteration . The Ca 2+ -activated K + channels (BK) couple cell membrane voltage to intracellular Ca 2+ concentration, thereby regulating skeletal muscle contraction. Their occurrence and activity in muscle fibers increase with advanced age (Tricarico et al. 1997) . The activity of potassium channels can be directly modified by oxidant molecules. In neurons, KATP channels are directly activated by H 2 O 2 , and the oxidation of three intracellular methionines of the BK channel results in increased activity, whereas the oxidation of cysteines is inhibitory (Sesti et al. 2010) . It has been proposed that such effects may represent one of the major mechanisms underlying the functional loss of neurons in neurodegenerative diseases and aging.
Previous findings demonstrated that alteration of calcium ion homeostasis may be involved in muscle functional loss occurring with aging. For instance, we found an increase of resting cytosolic Ca 2+ concentration in aged rats (Fraysse et al. 2006) . Hydrogen peroxide affects the structure and activity of the dihydropyridine and ryanodine receptors and consequently modifies calcium release and muscle contraction (Oba et al. 1996; Espinosa et al. 2006) . The oxidation of SH groups alters L-type channel gating with a reduction of calcium currents in cardiac cells (Lacampagne et al. 1995) . Other studies showed that ROS target sarcoplasmic reticulum (SR) calcium channels, leading to the release of calcium from the SR into the cytosol. Calcium ions can concentrate in the mitochondria, disrupt the electron transport chain, and lead to the overproduction of ROS. These ROS can further exacerbate SR calcium release, resulting in a vicious cycle leading to toxic oxidative stress (Zhang and Kaufman 2008) . Altogether, these data indicate that the overproduction of ROS, possibly occurring in aged skeletal muscles, may alter the expression and function of a number of key proteins involved in the control of muscle excitability and contractility, thereby impairing muscle performance.
As far as the causes of aging were discovered, they become potentially "treatable." With the aim of finding effective pharmacological compounds able to ameliorate the cell disturbance observed in aged rat skeletal muscle, we have performed a 6-to 8-week chronic treatment of aged animals with a new polyphenolic mixture (LACHI MIX HT) containing hydroxytyrosol (HT), known to have high free radical scavenging ability, and low amounts of other phenolic compounds, such as tyrosol, catechol, gallic acid, homovanillic acid, and caffeic acid. This LACHI MIX HT represents an attractive combination with strong antioxidant potential since the different antioxidant components could act synergistically to ameliorate skeletal muscle function. LACHI MIX HT is a product of green chemistry, being obtained from the olive oil industry wastewaters by means of eco-compatible processes. Thus, the objective of our study was to test the therapeutic potential of LACHI MIX HT in the amelioration of age-induced skeletal muscle alterations. The effects of LACHI MIX HT were examined on oxidative stress levels, chloride and potassium channel conductances and excitability of the sarcolemma, calcium homeostasis and contractile function, muscle atrophy, and muscle force, all of which are sensitive to the activity of ROS. The effects of LACHI MIX HT were compared with those of purified HT, already proposed in different therapies, i.e., anticancer or cardioprotective (Granados-Principal et al. 2010; Warleta et al. 2011; Castañer et al. 2012 ).
Materials and methods

Exploratory compounds and extraction technique
The pharmacological potential of highly purified HT and of a mixture that contains HT and other phenolic compounds (LACHI MIX HT) was tested in this study.
The LACHI MIX HT combination, as measured using HPLC (percent area), contains hydroxytyrosol (47.34), tyrosol (11.96), gallic acid (18.49), homovanillic acid (7.07), catechol (5.80), and caffeic acid (1.66). These phenols are extracted from olive wastewater. The process to treat olive mill wastewater was set up to recover over 95 % of water suitable for civil usage. The extraction methods from the target matrix (more than 60-70 %) include decoction and/or separation method using membrane techniques. The substances extracted were enriched in hydroxytyrosol with a catalytic reaction. Oleuropein was transformed into hydroxytyrosol using an aqueous suspension of Ba(OH) 2 under nitrogen stream in reflux conditions. The reaction yield is approximately 65 %. Tyrosol is transformed into hydroxytyrosol by heterogeneous catalytic reaction with H 2 O 2 using methylreniotrioxide as a catalyzer (method patented by Lachifarma IT MI20041627, Villanova et al. 2004; EP 1623960, Villanova et al. 2005 ; US2006070953, Villanova et al. 2006; US20090023815, Villanova et al. 2009 ).
In vivo studies
Treatment and animal care
All experiments were performed in accordance with the Italian Guidelines for the use of laboratory animals, which conform with the European Community Directive published in 1986 (86/609/EEC). Adult (5 months old) and aged (27 months old) male Wistar rats (Charles River Laboratories, Italy) were used. At the beginning of the study, the weight of the adult animals was 300-400 g and the weight of the aged animals was 500-600 g. All animals were housed individually in metabolic cages in an environmentally controlled room under veterinary supervision. The animals were randomly assigned to five experimental groups of five to eight animals each: (1) an adult control group, (2) an aged control group treated with H 2 O vehicle, (3) an aged control group treated with ethanol vehicle, (4) an aged group treated with HT, and (5) an aged group receiving the LACHI MIX HT. Whereas HT was dissolved in water, we used ethanol (<1 %, v/v) to dissolve LACHI MIX HT because it was poorly soluble in water. At the end of the experiments, the results obtained from rats treated with the two different vehicles were very similar, allowing to pool all the data in a unique group named control aged rats. Drugs were orally administrated to rats using an esophageal cannula at a daily dose of 500 μg/kg of body weight for 6-8 weeks. All animals had free access to food (standard rodent diet 4RF21, Charles River Laboratories) and tap water.
Measure of rat muscle strength with the hanging wire test
The hanging wire test was used to monitor the forelimb strength of the animals. It was performed in all the animal groups at the beginning of the treatment and once a week during all periods of the treatment. For this test, a 55-cm-wide 2-mm-thick metallic wire is tied to two vertical stands. The wire is tightly attached to the frame to avoid vibration or unwanted displacement of the wire while the investigator is handling the animals or during the measurements. The wire is maintained 35 cm above a layer of bedding material to prevent injury to the animal when it falls down. The start position of the rat is with the fore limbs attached to the wire. The time until the rat completely releases the wire and falls down is recorded. For each animal, five trials per session were performed, with a 1-min recovery period between trials.
Electromyographic recordings
Electromyographic (EMG) recordings were performed in vivo to evaluate the presence of muscle electrical abnormalities (Heller et al. 1982) . EMG traces were recorded in three to five rats of each experimental condition at the beginning and every 3 weeks until the end of treatment using the Biopack MP100 acquisition system (EMG 100C, Biopack Systems Inc., Santa Barbara, CA). EMG activity was measured by two thin concentric needle electrodes inserted in the gastrocnemius muscle of rats anaesthetized with pentobarbital (60 mg/kg, i.p., supplemented if required). Insertional activity was initiated by slight movement of the electrode within the muscle and the presence of spontaneous activity (unrelated to hindlimb movement) was evaluated. EMG activity was monitored continuously over a 3-to 4-min period starting from the insertion of the electrodes. Rats recovered very well from the anesthesia and were reintroduced in their cage soon after the test. A qualitative estimate of myotonic-like activity was based on various parameters such as voltage excursion and the frequency and duration of the electrical bursts.
Ex vivo studies
Tissue collection and blood creatine kinase levels At the end of treatment, all the rats were in good health. They were deeply anesthetized with urethane (1.2 g/kg, i.p.) for surgical removal of hindlimb muscles. The tibialis anterior (TA), soleus (Sol), extensor digitorum longus (EDL), and flexor digitorum brevis (FDB) muscles were weighed and promptly used for ex vivo experiments. Blood was collected from a ventricular camera in ethylenediaminetetraacetic acid-rinsed centrifuge tubes. The blood was centrifuged at 3,000×g for 10 min and plasma was separated and stored at −20°C. Creatine kinase determination was performed with a standard spectrophotometric analysis using a diagnostic kit (Sigma-Aldrich, Milan, Italy). After blood collection, the animals were killed by urethane overdose. Brains were quickly removed for the determination of malondialdehyde (MDA) level and a number of organs were weighed.
Measurement of MDA level in rat brain
The levels of MDA were determined in the brain of adult, aged, LACHI MIX HT-treated, and HTtreated aged rats as a biomarker of oxidative stress. Brains were quickly dissected, weighed, and homogenized in ice-cold Tris-HCl (20 mM) solution. The homogenate was centrifuged at 4,000 rpm at 4°C for 10 min and the supernatant collected and frozen at −20°C until the day of assays. The MDA level, which reflects the level of lipid peroxidation, was measured by a fluorescence assay of thiobarbituric acid-reactive substance (TBARS) formation following the indications of a commercial kit (OXItek, ZeptoMetrix Corp., Buffalo, NY). Fluorescence measurements were performed in triplicate using a 96-well plate reader (Victor3V multilabel counter, PerkinElmer).
Resting chloride and potassium conductances and sarcolemma excitability of rat skeletal muscle fibers measured in current-clamp mode by an intracellular microelectrode technique
The fast-twitch EDL muscles dissected from deeply anesthetized rats were immediately placed in a 25-ml muscle bathing chamber maintained at 30°C. The muscles were perfused with normal or chloride-free physiological solutions (gassed with 95 % O 2 and 5 % CO 2 , pH 7.2-7.3). As previously detailed (Bryant and Conte Camerino 1991) , the membrane electrical properties and the component conductances of the sarcolemma were determined in a current-clamp mode by means of the standard two-intracellular-microelectrode technique under computer control. A hyperpolarizing square current pulse (100-ms duration) was passed through one electrode and the membrane voltage response was monitored at two distances from the current electrode ). In accordance with the infinite linear cable theory, we measured the fiber diameter (d calc ), membrane resistance (R m ), and the total membrane capacitance (C m ). The reciprocal of R m from each fiber in the normal physiological solution was assumed to be the total membrane conductance (g m ), and the same parameter measured in chloride-free solution was considered to be the potassium conductance (g K ). The mean chloride conductance (g Cl ) was estimated as the mean g m minus the mean g K (Bryant and Conte Camerino 1991) .
The excitability characteristics of the sampled fibers were determined by recording the intracellular membrane potential response to a square-wave constant (100 ms) current pulse. In each fiber, the membrane potential was set by a steady holding current to −80 mV before passing the depolarizing pulses. By increasing the amplitude of the pulse, we were able to elicit first a single action potential, from which the AP (amplitude of action potential, in millivolts), I th (threshold current, in nanoamperes), and Lat (latency of action potential, delay from the beginning of the current pulse to the onset of an action potential at threshold, in milliseconds) were calculated. By further increasing current intensity in the same fiber, a train of action potentials (N spikes) was then generated (De Luca et al. 1994) .
The acute effects of LACHI MIX HT were evaluated in vitro on the resting g Cl and g K of control aged rats. The compound was dissolved at the desired concentration (100-500 μM) in the physiological solution and directly applied to the EDL muscle in the bathing chamber. Electrophysiological recordings started after an appropriate incubation time of 30 min. After recording in the presence of the test compounds, a washout procedure enabled the establishment of the full reversibility of the drug effect.
Mechanical threshold for the contraction of rat skeletal muscle fibers measured in point voltage-clamp mode by the intracellular microelectrode technique
The mechanical threshold (MT) for contraction was determined in the EDL muscle fibers using a computer-assisted two-microelectrode point voltageclamp method in the presence of 3 μM tetrodotoxin, as described (Pierno et al. 1999 ). The holding potential was set at −90 mV. Depolarizing current pulses of increasing duration (5-500 ms) were given repetitively (0.3-Hz rate), while the impaled fibers were viewed continuously with a stereomicroscope until visible contraction. The threshold membrane potential was read from a digital voltmeter. The mean threshold membrane potential, V (in millivolts), was plotted as a function of the pulse duration, t (in milliseconds), and the relationship was fitted using the following equation:
, where H (in millivolts) is the holding potential, R (in millivolts) is the rheobase voltage, and τ (in milliseconds) is the time constant to reach R. The MT values were expressed as the fitted R parameter along with the standard error that was determined from the variance-covariance matrix in the nonlinear squares fitting algorithm (De Luca and Conte Camerino 1992).
Determination of the cytosolic calcium concentration in rat skeletal muscle using FURA-2 imaging technique
The resting cytosolic Ca 2+ concentration (restCa) was determined in freshly mechanically dissected EDL muscle fibers using a QuantiCell 900 fluorescence imaging system (Visitech International, Sunderland, UK), as previously described (Fraysse et al. 2006) . Briefly, small bundles of five to ten fibers arranged in a single layer were dissected longwise, tendon to tendon, using microscissors. The bundles were incubated with the fluorescent Ca 2+ probe FURA-2 for 60-90 min at 30°C in a physiological (NP) solution containing (in millimolars) 148 NaCl, 4.5 KCl, 2.5 CaCl 2 , 1 MgCl 2 , 12 NaHCO 3 , 0.44 NaH 2 PO 4 , and 5.5 glucose. The solution was supplemented with 5 μM of acetoxymethyl ester of the dye mixed with 10 % (v/v) pluronic F-127 (Molecular Probes, Leiden, the Netherlands) and the pH was adjusted to 7.3-7.4 by bubbling the solution with 95 % O 2 /5 % CO 2 . After incubation, the cells were washed with NP solution and mounted in a modified RC-27NE recording chamber (Warner Instruments, Hamden, CT). Fiber integrity was verified by assessing visible contractile activity under ×400 magnification in response to a depolarizing solution containing 100 mM K + . Next, the mean sarcomere length was adjusted to ∼2.5 μm by moving the mobile tube fixed to one muscle tendon. The fluorescence ratio was converted off-line to restCa with the calibration parameters determined in each muscle using the equation restCa=(R−R min )/ (R max −R)⋅KD⋅β, where R is the 340:380 nm fluorescence ratio; KD is the affinity constant of fura-2 for Ca 2+ given by the manufacturer, i.e., 145 nM (Molecular Probes); and β, R min , and R max are the calibration parameters determined in ionomycin-permeabilized fibers bathed in NP solution for the calculation of R max or in Ca 2+ -free solution for the calculation of R min (Grynkiewicz et al. 1985) . The β value was calculated as the ratio of fluorescence intensities emitted by the fibers excited at 380 nm in the Ca 2+ -free and NP solutions. The cytosolic calcium response of muscle fibers to in vitro application of 40 mM caffeine or 500 nM carbonyl cyanide p-trifluoromethoxy-phenylhydrazone (FCCP) was measured to evaluate calcium release from the sarcoplasmic reticulum or mitochondria, respectively.
Patch-clamp measurement of potassium channel activity in rat skeletal muscle fibers Patch-clamp experiments were performed at 20-22°C on freshly enzymatically dissociated FDB muscle fibers in inside-out configurations using the standard patch-clamp technique, as previously described (Tricarico et al. 2006) . The ATP-sensitive potassium (KATP) channel currents were recorded immediately after excision during voltage steps from 0 to −60 mV with 150 mM KCl on both sides of the membrane patches in the absence (control) or the presence of ATP in the muscle bath (Tricarico et al. 2006) . The calciumactivated potassium (BK) currents were recorded in the presence of 150 mM KCl on both sides of the membrane during voltage steps of 10-to 20-s durations going from a holding potential of 0 to −60 mV (V m ) and +30 mV (V m ) in the presence of 10 μM concentration of free Ca 2+ ions in the bath solution (Tricarico et al. 2004 ). The currents were recorded at a 1-kHz sampling rate (filter = 0.2 kHz) using an Axopatch-1D amplifier equipped with a CV-4 head stage (Axon Instruments, Union City, CA). Macropatches having an average pipette area of 11.3±1 μm 2 were used to measure the mean KATP currents, which were calculated by subtracting the baseline level from the open-channel level of each current trace and then digitally averaging all generated files using CLAMPFIT (Axon Instruments). The baseline level for the KATP current was measured in the presence of internal ATP (5×10 −3 M; Tricarico et al. 2006 ). The BK currents were calculated by digital subtraction of the leak currents measured for each patch in the absence of internal Ca 2+ ions from the maximal open-channel currents recorded in the presence of internal 10 μM concentrations of free Ca 2+ ions (Tricarico et al. 2004) . Current amplitude was measured using CLAMPFIT. No correction was made for liquid junction potential, which was <2 mV in our experimental conditions.
Statistical analysis
All data are expressed as the mean±SEM. Statistical analysis for direct comparison between two groups of data means was performed using unpaired Student's t test, while multiple statistical comparison between groups was performed using ANOVA test, with Bonferroni's t test post hoc correction for allowing a better evaluation of intra-and inter-group variability.
Results
In vivo studies
Effects of LACHI MIX HT and HT on rat health and body weight in aged treated and age-matched controls All the animals were examined daily over the entire period of the treatment for behavior, cleanliness, aspect of hairs and eyes, and food and water consumption. No signs of adverse effects were observed. No variation in daily water consumption and daily urine production was found between the beginning and the end of treatment for each experimental group. Adult animals showed a physiological body weight gain within the 6-week treatment, whereas aged animals showed significant weight loss (Table 1) . Both LACHI MIX HT and HT treatments insignificantly reduced body weight in aged rats (Table 1 ). The mean daily food consumption calculated at the end of the treatment with respect to the beginning was insignificantly decreased in control aged rats from 19.3 ± 1.5 to 17.6 ± 1.6 g/day (n = 5). In LACHI MIX HT and HT-treated rats, no significant change in food consumption was observed at the end of the treatment in comparison with the initial value (from 16.7±0.7 to 16.5±0.4 g/day, n=5, and from 19.4±1.4 to 19.7±0.7 g/day, n=5, respectively).
Effects of LACHI MIX HT and HT on rat muscle strength measured by the hanging wire test
The hanging wire test was used to monitor muscle strength. The hanging time before falling off a wire upon exhaustion was measured in each rat once a week. Within each experimental group, no significant variation in hanging time was found along the treatment period (not shown). At the end of the treatment period, the mean hanging time of adult rats was 41.7±5.5 s (n=5 rats). The hanging time of aged rats was greatly (P<0.001) reduced to 9.5±1.9 s (n=8). Chronic treatment with LACHI MIX HT or HT did not significantly ameliorate this parameter, being 12.2±2.5 s (n=8) and 10.4±2.0 s (n=5), respectively.
Effects of LACHI MIX HT and HT treatment on EMG activity in the gastrocnemius muscle of aged rats Electromyography performed in vivo on the gastrocnemius muscle of five adult rats showed normal electrical activity characterized by rapid and brief bursts of action potential (AP) occurring during voluntary movements and followed by a long period of rest during muscle inactivity. Representative traces of EMG recordings are shown in Fig. 1 . In the five aged rats tested, the EMG recordings were normal in terms of frequency and duration of the burst, although the AP was shorter if compared to that of the adults, an effect which can be a sign of a minor excitability. Both LACHI MIX HT treated (four animals tested) and HTtreated aged animals (three animals tested) showed similar traces with respect to age-matched controls (Fig. 1) . Moreover, no sign of myotonic-like activity was found in any animals examined because of the absence of longlasting and spontaneous repetitive discharges, typical of myotonia.
Ex vivo studies
Effects of LACHI MIX HT and HT treatment on organ and muscle weights and plasma creatine kinase Different organs such as the brain, heart, liver, and kidney were weighed at the end of the treatment. No differences in organ weight were found between the treated and untreated aged rats (not shown). In contrast, the weight of the hindlimb muscles, including EDL, TA, and Sol, was significantly reduced in the aged animals as compared to the adults (Table 1 ). In the HT-treated aged animals, the weights of EDL and TA were still significantly different with respect to those of the adults, whereas the weights of these muscles were significantly ameliorated toward the adult value in the LACHI MIX HT treated aged animals. At the end of treatment, creatine kinase (CK) level was measured in the plasma to evaluate muscle damage. CK was markedly increased in aged rats with respect to the adult ones, although the difference was not significant due to the high interindividual variability. Interestingly, both treatments partially restored the CK level in aged rats toward the adult value (Table 1) .
Effects of LACHI MIX HT and HT treatment on brain lipid peroxidation
The effects of LACHI MIX HT and HT treatments on free radical production were evaluated using a TBARS assay kit in the brain, a tissue which is notoriously affected by ROS increase during aging. The level of malondialdehyde, as an oxidative stress marker, was increased, although insignificantly, in the brain of five aged rats with respect to the five adults and was reduced in the five LACHI MIX HT treated aged animals toward the adult value (Fig. 2) . Minor effects were observed in the brain of HT-treated aged animals (Fig. 2) .
Effects of LACHI MIX HT and HT treatment on the macroscopic ionic conductances and membrane excitability of EDL muscle
As already shown (Pierno et al. 1999 ), a significant reduction of the component chloride conductance of the sarcolemma (g Cl ) was found in the EDL muscle fibers of aged rats with respect to the adults (−34.3± 2.0 %; Fig. 3a) . The value of g Cl measured in the EDL of both HT-and LACHI MIX HT-treated animals was still significantly different with respect to the adult value, being reduced by −33.8±1.7 and −23.0±1.5 %, respectively. Interestingly, the value of g Cl found in the LACHI MIX HT-treated rats was also significantly different with respect to the value found in the aged rats and shifted toward the adult value, suggesting a beneficial effect of LACHI MIX HT on this parameter (Fig. 3a) . Also, macroscopic potassium conductance HT-treated aged Fig. 1 Representative example of the electromyographic (EMG) activity recorded in the gastrocnemius muscle of adult, aged, and LACHI MIX HT and HT-treated aged rats. Normal activity in terms of repetitive discharges was apparent and persisted for a few milliseconds after needle insertion (indicated by the arrows). These bursts were followed by a period of rest during muscle inactivity. The electromyograms showed lower activity in aged rats with respect to the adults, as indicated by the shorter peaks. LACHI MIX HT and HT-treated aged rats showed similar traces with respect to that of aged rats. Calibration bar, 500 μV, 500 ms (g K ) was significantly increased in aged animals with respect to the adults (by 20.0±4.7 %). Again, resting g K was ameliorated only in the LACHI MIX HT treated aged animals (Fig. 3a) . Membrane excitability, sustained by the activity of different channels, such as Cl − , K + , and Na + , was measured in EDL muscle fibers. In aged rats, the excitability parameters were modified, showing a significant increase of latency of action potential and a decrease of the maximum number of spikes (N; Table 2 ). A non-significant decrease of the threshold current (I th ) to evoke the first AP was also observed. These parameters were not ameliorated by either HT or LACHI MIX HT treatment ( Table 2) .
Because of the effects of treatments on sarcolemma ion conductances in vivo, we examined the effects of LACHI MIX HT on cable parameters when applied in vitro to isolated EDL muscles of aged rats (Fig 3b) . This compound dose-dependently reduced resting g Cl , with a significant 24±4.4 % of reduction at the higher dose. We also observed a significant and marked 115± 16 and 137±17 % increases of g K with the application of the higher doses (300 and 500 μM) of LACHI MIX HT, respectively. These effects were reversed after LACHI MIX HT washout.
Effects of LACHI MIX HT and HT treatment on the mechanical threshold for the contraction of EDL muscle fibers
The MT for contraction is an index of excitationcontraction coupling and represents a measure of skeletal muscle contractility. This parameter takes into account the contractile response originated from an intact single muscle fiber comprehensive of its whole contractile apparatus. The threshold potential needed to elicit contraction was determined by applying pulse current of various durations (5-500 ms) and showed typical dependence on command pulse duration, being more negative the longer the duration of the pulse. As previously observed (De Luca and Conte Camerino 1992) , the fibers of the EDL muscle of aged rats needed significantly less depolarization to contract at each pulse duration; consequently, the threshold potential-duration relationship was shifted toward more negative potentials in the EDL muscle of aged rats as compared with adults (Fig 4) . The rheobase (R) voltage, which is the minimum voltage able to induce fiber contraction, was measured from the fit of the experimental points and was significantly more negative in aged animals with Each bar represents the mean value±SEM of g Cl (black) and g K (gray) measured, respectively, in 36-41 and 26-50 muscle fibers from adult, aged, and HT-and LACHI MIX HTtreated aged rats. Statistical analysis was performed using ANOVA followed by Bonferroni's t test. Significant differences were found for resting g Cl between aged, HT-treated aged, LACHI MIX HT-treated aged, and adult rats (F=80; *P<0.001 vs. adult, by ANOVA/Bonferroni). In addition, the value found in LACHI MIX HT-treated animals was significantly different with respect to the aged and HT-treated aged rats (F=80; # P<0.001 vs. aged and HT-treated aged, by ANOVA/ Bonferroni). Resting g K was significantly different between adult and aged and between adult and HTtreated aged rats (F =2.9; § P < 0.05 vs. adult, by ANOVA/ Bonferroni). b Acute effects of in vitro application. Each point represents the mean value±SEM of g Cl (black) and g K (gray) measured, respectively, in 7-38 EDL muscle fibers from two to six aged rats after in vitro application of the LACHI MIX HT at different concentrations, as indicated. Ctrl is the value of g Cl measured in the absence of LACHI MIX HT. Statistical analysis was performed using unpaired Student's t test (at least P<0.005) respect to the adult ones. LACHI MIX HT in vivo treatment was able to significantly ameliorate the R value, which was significantly different with respect to aged rats (Table 3 ). In contrast, HT was ineffective on this parameter (Table 3) .
Effects of LACHI MIX HT and HT treatment on the calcium homeostasis of EDL muscle fibers
Using the FURA-2 cytofluorimetric technique, we evaluated the effects of LACHI MIX HT and HT treatment on the calcium homeostasis of the EDL muscle fibers of aged rats (Fig. 5 ). In accord with previous studies (Fraysse et al. 2006) , aged fasttwitch muscle fibers showed a significant increase of resting cytosolic calcium (restCa) with respect to the adults (Fig. 5a) . Indeed, in the EDL muscle, the restCa was increased in the EDL of aged rats by 80±11 % with respect to the adults. Whereas HT treatment of aged rats had no significant effect on restCa, LACHI MIX HT treatment significantly reduced restCa by 24 ±5 % toward the adult value (Fig. 5a) . We evaluated the effects of in vitro application of 40 mM caffeine, an agonist of ryanodine receptor calcium channel, on EDL muscle fibers (Fig. 5b) . The muscle fibers of control and HT-treated aged rats were less sensitive to caffeine, showing a minor calcium transient in the cytosol with respect to the adult ones. In contrast, total restoration of the amplitude of calcium transient induced by caffeine was found in LACHI MIX HTtreated rats toward the typical values of adult rats (Fig. 5b) . We also applied 500-nM FCCP in vitro to EDL muscle fibers. This compound is an oxidative phosphorylation uncoupler that is useful in evaluating the mitochondrial calcium content (Smaili and Membrane excitability was determined in EDL muscle fibers in current-clamp mode using the two-intracellular microelectrode technique. The excitability parameters are the amplitude of the first AP, the threshold current (I th , minimum current intensity able to elicit a single action potential), the latency of the first action potential (Lat, maximal delay from the beginning of the current pulse to the onset of the spike), and the maximum number of action potentials elicited by raising the intensity of a 100-ms duration pulse in the same fiber (N spikes). Values are given as the mean±SEM from n fibers and N rats. Statistical analysis was performed using ANOVA followed by Bonferroni's t test a At least P<0.001 with respect to adults Adult EDL Aged EDL LACHI MIX HT EDL Fig. 4 Strength-duration curves of the threshold potential for mechanical activation (mechanical threshold, MT). MT was measured in EDL muscle fibers from adult (n=5 rats), aged (n=5 rats), and LACHI MIX HT-treated aged rats (n=5 rats). The threshold voltage/duration relationship was obtained by plotting the values of threshold potential (in millivolts) needed to obtain myofiber contraction as a function of the voltage pulse duration (in milliseconds). Each point is expressed as the mean value±SE of 14-26 fibers. The curves fitting the experimental points have been obtained using the equation described in "Materials and methods." Statistical differences were evaluated using ANOVA followed by Bonferroni's t test. All the threshold potential values measured in aged animals were significantly more negative with respect to those of adults (P<0.001). The values measured in LACHI MIX HT-treated aged muscle fibers were significantly different with respect to those of aged rats at 5, 10, 50, 200, and 500 ms (P<0.05 or less), being more similar to the adult value Russell 1999). The calcium release induced by FCCP was greater in the muscle fibers from aged rats with respect to adults, suggesting greater calcium content in aged mitochondria. Neither LACHI MIX HT nor HT treatment was able to ameliorate the FCCP responsiveness (Fig. 5c, d ).
Duration (ms)
1
Effects of LACHI MIX HT and HT treatment on potassium channel activity in FDB muscle fibers
Patch-clamp experiments were performed on fast-twitch FDB muscle fibers to test whether the antioxidant compounds LACHI MIX HT and HT can have beneficial effects on the activity of KATP and BK channels, molecular sensors of the metabolic state of the cell which are known to be altered during aging. As previously demonstrated , the amplitude of the KATP channel current was reduced in the FDB muscle of aged rats with respect to the adults (Fig. 6) . Exposure of macropatches to intracellular ATP (5×10 −3 M) greatly reduced the current amplitude, confirming that these currents flowed through KATP channels (Fig. 6a) . The mean amplitudes of KATP currents were −1036.3±12 pA (n=35 patches from five muscles), −459.4±52 pA (n=12 patches from five muscles), −439.6±27 pA (n=12 patches from five muscles), and −982.0±15 pA (n=16 patches from four muscles) in adult, aged, and HT-and LACHI MIX HT-treated rats, respectively. From these current values, the current densities were calculated through normalization by patch area (Fig. 6b ). Chronic treatment with LACHI MIX HT significantly restored KATP current density toward the adult value. No beneficial effect was found in HT-treated animals. Also, the activity of the Cadependent K + channels (BK), known to regulate muscle activation by sensing calcium influx, was modified during aging. Indeed, as previously demonstrated (Tricarico et al. 1997) , it was increased in the fasttwitch FDB muscle of aged rats with respect to the adults. No significant effects of LACHI MIX HT or HT were found in the FDB of all the aged treated rats with respect to the controls (data not shown).
Discussion
With the growing interest for medical uses of naturally occurring antioxidants, scientific attention toward dietary phenolic compounds is tremendously increasing. In light of scientific evidence that the consumption of olive oil contained in the Mediterranean diet reduces the incidence of cardiovascular disease and tumor, we wondered whether a phenol mixture (LACHI MIX HT) derived from the olive oil industry with high antioxidant potential may prove beneficial in the prevention of muscle impairment induced by aging. The LACHI MIX HT combination mainly contains hydroxytyrosol (HT) and lower amounts of other phenols. Bioavailability studies have demonstrated that HT and tyrosol are dose-dependently absorbed in animals and humans after olive oil ingestion and accumulated in the body, where they can exert positive biological effects (Visioli et al. 2000; Weinbrenner et al. 2004; Tuck et al. 2001) . In addition, these molecules do not show appreciable toxicity up to 2 g/kg when orally administered to rats (D'Angelo et al. 2001) .
We observed that chronic treatment in aged rats with LACHI MIX HT exerted protective effects on a number of muscle molecular parameters altered by aging. In particular, we demonstrated its beneficial effect in preventing the reduction of resting g Cl , observed in aged animals, by shifting the value toward The mechanical threshold, an index of excitation-contraction coupling, was measured in EDL muscle fibers using the point voltageclamp method. The values of rheobase, which is the lowest voltage able to induce fiber contraction and measured from the fit of the experimental points, are given as the mean±SEM from n fibers and N rats. Statistical analysis was performed using ANOVA followed by Bonferroni's t test a Significantly different with respect to adult (P<0.001)
b Significantly different with respect to aged rats (P<0.001)
that occurring in adults. The muscle g Cl is mainly due to the activity of ClC-1 chloride channels. We previously demonstrated that the reduction of g Cl in aged rat muscles is due to a reduction of ClC-1 expression levels and the increased activity of PKC able to close the channel (De Luca et al. 1994; Pierno et al. 1999 Pierno et al. , 2007 . Interestingly, it has been described that mitochondrial dysfunction and the consequent increase of ROS during aging produce an intracellular accumulation of diacylglycerol and the activation of different PKC isoforms, which may contribute to aging-related insulin resistance (Kim et al. 2008) . Thus, we can SEM from four to ten fibers. Statistical analysis performed using Student's t test showed significant differences: *P<0.05 or less (vs. adult); # P<0.05 or less (vs. aged). c Example of traces reproducing the effect of the in vitro application of carbonyl cyanide p-trifluoromethoxy-phenylhydrazone (FCCP), an oxidative phosphorylation uncoupler, in the muscle fibers of adult and aged rats. d FCCP responsiveness determined by evaluating the amplitude of the calcium transient after in vitro application of 500 nM FCCP in each animal group. Each bar represents the mean value±SEM from 5-11 fibers. Statistical analysis performed using Student's t test showed significant differences: *P<0.05 or less (vs. adult) hypothesize that LACHI MIX HT, through its antioxidant activity, may ameliorate the g Cl in aged rat muscle through the removal of PKC overactivity on the ClC-1 channel. Accordingly, we previously found that treatment of aged rats with taurine, a sulfonic amino acid with antioxidant properties, increases the resting g Cl in EDL muscle, likely via PKC inhibition . However, the recovery of g Cl with LACHI MIX HT treatment was not complete, suggesting a limited effect on ClC-1 channel expression. It is also worth noting that the ClC-1 chloride channel is directly sensitive to the redox state. In heterologous systems of expression, the oxidation of ClC-1 renders the channel insensitive to the inhibitory action of intracellular ATP, which may have critical relevance for muscle fatigue . Accordingly, we observed that the application of LACHI MIX HT in vitro reduced the g Cl in aged rat muscle, maybe by increasing the sensitivity of the ClC-1 channel to ATP. Nevertheless, the acute inhibiting effects of LACHI MIX HT on the g Cl cannot account for the recovery of g Cl exerted in vivo.
In skeletal muscle, an increase of the potassium current generated by the calcium-activated potassium (BK) channels and a reduction of the activity of ATPdependent potassium (KATP) channels contribute to the metabolic dysfunction described during aging . According to these observations, the macroscopic potassium conductance, resulting from the activity of the aforementioned and other potassium channels, including the inward rectifier potassium channels, was slightly increased in aged animals. Previous studies have already demonstrated that different antioxidant compounds, such as Nacetyl-cysteine and thimerosal, applied in vitro, counteract the alteration of KATP function observed in aged skeletal muscle . This observation supports the hypothesis that oxidative stress can be directly involved in the alteration of these channels and that antioxidant treatment may prove useful. Accordingly, our results showed a beneficial effect of LACHI MIX HT in increasing KATP current toward the adult values. No effect of LACHI MIX HT or HT treatment was found on the BK activity of aged muscles. In this regard, it can be hypothesized that the modifications observed in the BK channels during aging, in terms of an increased number of functioning channels (Tricarico et al. 1997) , are not related to oxidative stress. Moreover, it has been described that in skeletal muscle tissue, the application of mannitol, a ROS scavenger, does not protect the BK channel from copper inhibition, suggesting that the effect did not occur through oxidation mediated by ROS (Morera et al. 2003) . We previously demonstrated that the resting cytosolic calcium concentration is abnormally increased in fast-or in slow-twitch muscle fibers of aged rats (Fraysse et al. 2006) , an effect which may contribute to the activation of Ca-dependent proteases and the consequent sarcopenia. We also found that the increase of intracellular calcium is likely not attributable to enhanced Ca 2+ influx (Fraysse et al. 2006) , suggesting that intracellular compartments are involved in cytosolic calcium increase. Various studies have shown that ROS may modify calcium homeostasis and contractility (Annunziato et al. 2002) . It has been shown that the oxidation of ryanodine receptor causes intracellular calcium leak that may contribute to muscle weakness in aging (Damiani et al. 1996; Andersson et al. 2011; Sun et al. 2011) . Accordingly, the smaller calcium transient we observed in aged muscle in response to caffeine stimulation suggests a reduced SR calcium content. Importantly, LACHI MIX HT treatment was able to restore caffeine response and cytosolic calcium levels in aged EDL muscle. Such effects allowed a partial restoration of the mechanical threshold, a measure of the excitationcontraction coupling. In addition, the decrease of cytosolic calcium by LACHI MIX HT may contribute to the restoration of g Cl by reducing the activity of Cadependent PKC. On an other hand, the alteration of mitochondrial calcium content in aged muscles and its insensitivity to LACHI MIX HT treatment agree with the widely accepted concept that mitochondrial dysfunction may represent an early event in the aging process (Calvani et al. 2013) . Our results suggest that calcium increase in the aged mitochondria may occur independently of ROS production, or that oxidative damage of the aged mitochondria is too much severe to be counteracted by antioxidants. Importantly, calcium overload may act synergistically with oxidative stress to open the mitochondrial permeability transition pore, resulting in oxidative phosphorylation uncoupling, release of cytochrome c in the cytosol, and consequent apoptosis that may contribute to muscle atrophy (Zhang and Kaufman 2008; Paradies et al. 2013) . Interestingly, LACHI MIX HT treatment allowed recovering muscle weight and blood creatine kinase, suggesting important benefits in maintaining muscle structural integrity.
It is worth noting that LACHI MIX HT was more effective than purified HT in ameliorating most of the parameters altered by aging in skeletal muscle. Most probably, the efficacy of LACHI MIX HT relates to the synergic activity of its various components. Indeed, it has been shown that gallic acid and catechol have strong radical scavenger abilities (Umadevi et al. 2012) . Homovanillic acid has an important role, as HT, in the protection against hydrogen peroxideinduced cellular injury, although at higher concentrations (Incani et al. 2010) . Accordingly, we observed a major antioxidant effect of LACHI MIX HT compared to HT in the brains of aged rats.
In conclusion, LACHI MIX HT treatment showed a clear ability to counteract, at least partially, some of the alterations typically observed in skeletal muscle during aging, including the resting ion conductances of the sarcolemma, KATP channel activity, SR calcium release, resting cytosolic calcium concentration, mechanical threshold, muscle weight, and blood creatine kinase. All the effects are likely related to the antioxidant activity of LACHI MIX HT, although we cannot definitely exclude some specific actions at the molecular level. Such result confirms the usefulness of antioxidants in the protection of aging-induced muscle impairment. Muscle recovery was incomplete since mitochondrial calcium overload, excitability parameters, electrical activity, and muscle strength were not ameliorated by LACHI MIX HT treatment. Nevertheless, in light of the positive results, it would be of interest to verify whether a longer and/or earlier treatment or higher LACHI MIX HT doses may increase efficiency. Because of their relative safety, antioxidants like LACHI MIX HT may also be considered as an adjuvant therapy to increase efficacy and limit the toxicity of conventional specific anti-aging therapies. Last but not least, one additional interest of LACHI MIX HT holds on its provenience from green chemistry of agro-industrial wastes, thereby fully espousing the general principles of human health protection.
